and cerebrovascular diseases develop in stroke-prone spontaneously hypertensive rats (SHRSP). Cortical neurons from SHRSP are more vulnerable than those from Wistar Kyoto rats (WKY) to the effects of nitric oxide (NO)-and N-methyl-D-aspartate (NMDA)-mediated neurotoxic agents. Growth factors, idebenone, and nilvadipine (a Cat+channel blocker) can reduce neuronal damage caused by hypoxia or neurotoxic agents. This study was designed to determine 1) whether cortical neurons from SHRSP are more vulnerable than those from WKY and 2) whether neuronal damage is minimized by the so-called neuroprotective agents in cells exposed to hypoxia and oxygen reperfusion. We demonstrated that 6 to 24 h of hypoxia did not increase cell death in either WKY or SHRSP, whereas 36 h of hypoxia significantly increased cell death in SHRSP (p < 0.01). Furthermore, 6 to 36 h of hypoxia and 1.5 to 5 h of reperfusion heavily damaged cells from both strains of rats, and most cells became apoptotic or necrotic. We also verified that the ability to protect neurons in hypoxia and oxygen reperfusion was as follows: idebenone > insulin-like growth factor-1(IGF-1) > nilvadipine. These data indicate that oxygen radical generation occurs and the free radicals heavily damage neurons in hypoxia and oxygen reperfusion.
Spontaneously hypertensive rats (SHR) become hypertension with age and have been used as a model of human essential hypertension. Stroke-prone SHR (SHRSP), which were established from the offspring of SHR, are regarded as a model of stroke (1). Previous studies in SHRSP have demonstrated that severe hypertension over 200 mmHg reduces cerebral blood flow (2), disrupts the blood-brain barrier, and promotes the development of medial smooth muscle cell necrosis in cerebral arteries (3).
Transient ischemia induced by bilateral common carotid artery occlusion followed by oxygen reperfusion induces delayed neuronal death in Mongolian gerbils as well as in rats (4-6) . The neuronal cell death in ischemia and oxygen reperfusion is apoptotic (7, 8). Glutamate is a major excitatory neurotransmitter in the central nervous system. The release of glutamate and excessive activation of neuronal N-methyl-D-aspartate (NMDA) receptors, a subtype of glutamate receptors, increase intracellular calcium. This increase activates constitutive nitric oxide (NO) synthase and induces neuronal death 24 h later (9, 10). Schubert et al. showed that the sympathetic cell line PC-12 was destroyed by glutamate in a concentration-dependent manner. The destruction caused by glutamate was blocked by epidermal growth factor and vitamin E (11). Amano et al. verified that structural and biochemical deterioration in both clonal neuroblastoma cells and primary cultured neurons was induced by cumene hydroperoxide, known to induce oxidative stress. These changes were prevented by pretreatment with an antioxidant (12). Recently, we ascertained that cortical neurons from SHRSP were more vulnerable In this study, we investigated whether genetic vulnerability can be detected in cortical neurons isolated from SHRSP and exposed to hypoxia and oxygen reperfusion, as this condition physiologically approximates a transient ischemic attack (TIA). In addition, we examined whether neuronal damage is minimized by so-called neuroprotective agents, including idebenone (an antioxidant), IGF-1, and nilvadipine (a Ca2+ channel blocker).
Methods
Cell Culture Primary dissociated neurons were prepared from fetal WKY rats and SHRSP (15 d of gestation) as described previously (13, 14) . The brains from fetal rats were dissected, and all blood vessels with the pia mater were removed. The brains were minced into 2-to 3-mm pieces, which were then washed in phosphate buffer saline (PBS) and placed in PBS containing 200 ,ug/ml streptomycin and 1 mg/ml ceftazidime. The brain pieces were treated with 0.25% (w/v) trypsin at 37°C for 5 to 7 min and digested with papain (0.15 u/ml), 0.02% (wlv) L-cysteme monohydrochloride, 0.02% (wlv) bovine serum albumin and 0.5% (wlv) glucose in PBS at 37°C for 5 to 7 min. The dissociated cells were collected by centrifugation and resuspended in Dulbecco's modified Eagle's medium (DMEM). After gentle mechanical trituration through a siliconized Pasteur pipette, cells were filtered through a sterile lens paper filter. The cells in the filtrate were collected by centrifugation, resuspended in DMEM supplemented with 10% fetal bovine serum (FBS), and plated on a poly-L-lysine-coated 24-well culture plate at a density of 3 X 106 cells per well. This point in time was designated as day 0. Twenty-four hours after plating, the cells were treated with 40 ,rg/ml of 5-fluoro-2'-deoxyuridine to prevent proliferation of non-neuronal cells. The cells were maintained in DMEM with 5% FBS + 5% horse serum in a 5% CO2 humidified atmosphere at 37°C. The medium was changed every 2 days.
When neurons in culture became mature (days 5-6), the cells were then incubated in 1% 02 for 6 to 36 h. After hypoxic culture, we maintained them in 20% 02 for 1.5 to 5 h. In addition, mature neurons (days 5-6) were cultivated in 20% 02 for 6 to 48 h to serve as control.
Neuroprotective Agents
We added (a) 0.1 to 10 ,uM idebenone (Takeda Chemical Industries Ltd., Osaka, Japan), (b) 10 to 50 ng/ml IGF-1 (UBI, Lake Placid, New York), or (c) 0.1 to 10 pM nilvadipine (Fujisawa Pharmaceutical Co. , Tokyo, Japan) to the neuronal cells. Immediately after the addition of these agents, we decreased the oxygen concentration and maintained the cells at 1% 02, 94% N2 and 5% CO2 in a humidified atmosphere at 37°C for 36 h. When the hypoxic culture was finished, we again added the agents to the cells and incubated the cells at 20% 02 and 5% CO2 in a humidified atmosphere at 37°C for 1.5 to 5h.
Electron Microscopic Examination
The cultures were terminated by fixing the cells with 1.25% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (PBS) for 30 min. The cells were washed overnight at 4°C in the same buffer, and post-fixed with 2% 0504 buffered with 0.1 M PBS for 1 h. The cells were dehydrated in a graded series of ethanol and embedded in Epon 812. Ultrathin sections were double-stained with uranyl acetate and lead citrate for electron microscopic examination. We performed at least 3 experiments per cultivating condition and examined at least 3 wells (diameter 10 mm) in each experiment. We used a maternal WKY rat and a maternal SHRSP rat (8 to 12 fetuses/ maternal rat) in every experiment. We performed more than 20 experiments and found that neurons were well developed and accumulated in small clusters in the center of the culture wells. The neurons were evaluated with the use of a phase-contrast microscope, an electron microscope and in situ staining to identify apoptosis. We obtained 6 small pieces (3 to 4 mm2) from the central areas of epoxy blocks, using a coping saw. We examined over 3,000 neurons in each experiment. Consequently, we obtained data on 10,000 neurons per one cultivating condition.
We determined the cells to be intact, necrotic, or apoptotic by electron microscopic examination as ultrastructural changes are essential to distinguish intact cells from apoptotic or necrotic ones (15) . Two of the authors, who did not know which factors had been used to treat the neurons, examined all of the electron micrographs and divided the cells into 3 groups according to their morphological characteristics. In previous studies (13, 14) and the present one we developed criteria defining apoptotic and necrotic neurons. The criteria were as follows: 1) cells lose their axons and dendrites, and numerous lipid droplets appear in their cell bodies although cell organelles remain intact (initial stage of apoptosis); 2) cells become round, small and electron-dense, and nuclei have prominent invaginations (second stage of apoptosis) ; 3) cells lose their cytoplasm and cell membrane, and nuclei become small and dark, and then disappear (advanced stage of apoptosis); and 4) cells become electron-lucent, organelles decrease in number, and nuclei contain abnormal clusters of chromatin (primary or secondary necrosis due to severe damage by oxygen radicals) (Fig. 1) . Values are expressed as the means ± SD. Statistical significance was determined by analysis of variance followed by Fisher's protected least significance difference method.
LDH Activity
When the experiments were finished, we measured L1 activity (340 nm method: substrate lactate) released from the damaged cells in a bathing medium. The data represent the mean of 12 cultures pooled from 3 experiments. We designated the mean L activity of S SP or Y neurons (lOb cells ml) just before the hypoxic culture as 100/. Values are expressed as the means 4 SD. Statistical significance was determined by analysis of variance followed by Fisher's protected least significance difference method.
Results
Hypoxia and Oxygen Reper fusion when the mature cells (days 5 to 6) were cultivated at 20Ya 02 following 24-48 h as control, the rates of cell death did not increase in either strain. The values in WKY after 24 and 48 h of culture were 5 H 2% and 6 -3% , respectively. In addition, the rates in SHRSP were 7 3% (24 h) and 9 ± 4% (4S h). Six to 24 h of hypoxia also did not increase cell death in WKY or SHRSP. When the cells were maintained in hypoxia for 36 h, cell death in SHRSP significantly (p 0.01) increased, although the values were not extreme (Fig. 2) . All cell death during 36 h of hypoxia was apoptosic.
Oxygen reperfusion heavily damaged neuronal cells. Almost all cells from SHRSP became apoptm tic or necrotic as shown in Fig. 2 . SHRSP neurons were more vulnerable than WKY neurons to longterm hypoxia as well as to hypoxia and reperfusion although most cells in both groups became apoptotic or necrotic within h of oxygen reperfusion. ffects of Neuroprotectcve Agents As shown in Fig. , idebenone preserved SH S neurons exposed to 36 h of hypoxia and 3 h of reperfusion. Furthermore, 1 1idebenone rescued neurons exposed to 36 h of hypoxia and 5 h of reperfusion ( Y, necrosis = 3 + 1, apoptosis =13 4 40a `, S SP, necrosis = 4 ± 2°c , apoptosis =16 ± 4%). Cell death, however, was not prevented by 0.1 1~ idebenone. Cell death with F-1 was significantly higher than that with 1 to 10 iidebenone, although 50 ng/ml IGF-l was more effective than 10 ng/ml IGF-1 in reducing cell death. In contrast, cell death was not decreased by nilvadipine after 36 h of hypoxia and 3 h of reperfusion, and it was 92±7% with 10 ,aM nilvadipine. Furthermore, 0.1 to 10 aM idebenone and 10 to 50 ng/ml IGF-1 decreased cell death in WKY neurons. The rates of cell death with 1 to 10 uM idebenone were significantly lower than those with 10 to 50 ng/ml IGF-1 (Fig. 4) .
We concurrently measured LDH activity released by damaged cells into the bathing medium when the experiments were finished. LDH activity paralleled the rate of cell death. LDH activity in SHRSP neurons treated with 1 ~cM idebenone was significantly lower than that in SHRSP neurons treated with 10 ng/ml and 50 ng/ml IGF-1. LDH activity with 1 pM nilvadipine increased substantially and was similar to that in the control group (Fig. 5) . LDH release from WKY neurons exposed to 36 h of hypoxia and 3 h of reperfusion is shown in Fig.  6 . The values with idebenone or IGF-1 were significantly lower than that detected in the control group.
Discussion
Glutamate is a major excitatory neurotransmitter in the central nervous system, but excessive stimulation by glutamate can cause excitotoxic damage to neurons, which appears to underlie the neuronal cell death associated with hypoxia, ischemia, hypoglycemia, and seizures (9, 16). Recently, we proved that cortical neurons from SHRSP were more vulnerable than those from WKY and became apoptotic when treated with NO-and NMDA-mediated neurotoxic agents (13).
In the present study, we examined whether cortical neurons in culture are damaged by hypoxia. Cell death did not increase during 6 to 24 h of hypoxia in either WKY or SHRSP. When the cells were exposed to hypoxia for 36 h, cell death in SHRSP significantly increased. Furthermore, we found that all cell death during hypoxia was apoptotic. These findings indicate that the cells are damaged by NMDA-and NO-mediated agents, resulting in apoptosis during long-term hypoxia. The rates of apoptosis, however, were not high.
Although there are no reports of cortical neurons in culture, oxidative reperfusion injury is considered a central mechanism of the ischemia-induced cellular damage found in organs and tissues. Considerable direct and indirect evidence indicates that oxygen free radical generation occurs in the early minutes after reperfusion and results in cellular injury (17, 18) . While several mechanisms have been proposed for the production of oxygen free radicals in postischemic tissues, xanthine oxidase is widely accepted as a major primary source of free radicals (19) (20) (21) . The conversion of accumulated hypoxanthine and xanthine by xanthine oxidase to uric acid yields superoxide (22) . Excessive oxidative stress is known to cause cell necrosis (23) and apoptosis (24, 25) .
Dypbukt et al. demonstrated that increasing concentrations (1-100 ,iM) of a redox cycling quinone, 2,3-dimethoxy-1,4-naphthoquinone (DMNQ, a prooxidant), stimulated growth, triggered apoptosis, or caused necrosis of pancreatic RINm5F cells, depending on the dose and duration of exposure. The exposure of RINm5F cells to 10 ,aM DMNQ enhanced cell proliferation. Conversely, exposure to 30 pM DMNQ for 3 h resulted in apoptotic cell death. Finally, exposure to an even higher DMNQ concentration (100 ,aM) for either 1 or 3 h caused extensive DNA single-strand breakage, which resulted in necrotic cell death (26) . In the present study, we demonstrated that oxygen reperfusion heavily damaged neuronal cells. Although there were no necrotic neurons after 36 h of hypoxia alone, necrotic neurons increased in a time-dependent manner during oxygen reperfusion. The rates of necrotic cells in SHRSP were higher at both 3 and 5 h of reperfusion as compared with those in WKY. The values of apoptosis and necrosis in our study were not inconsistent with Dypbukt's data. From these findings we speculate that hypoxia does not necessarily cause excessive stress and neuronal necrosis does not necessarily occur. Hypoxia followed by oxygen reperfusion causes excessive stress, followed by cell necrosis.
Miyamoto et at. examined the effects of antioxidants on L-glutamate-induced cytotoxicity in a N18-RE-105 neuronal cell line. They verified that the antioxidants vitamin E (10-100 pM), idebenone (0.1-3 pM), and vinpocetine (10-100 pM) provided marked protection against glutamate-induced cytotoxicity (27) . Murakami and Zs.-Nagy studied the radical scavenging activity of oxidized and reduced idebenone (ID-0 and ID-H, respectively) against superoxide radicals. They showed that ID-0 possessed superoxide radical scavenging activity, whereas ID-H reacted much slower (28) . We proved in a recent study (14) that the rates of cell death were very low after 36 h of hypoxia and 3 h of reperfusion in the presence of 100 pg/ml vitamin E (WKY =11 ± 3% , SHRSP =10 ± 3%). In addition, serial treatments with allopurinol (a xanthine oxidase inhibitor) or superoxide dismutase reduced cell death in cortical neurons during hypoxia and oxygen reperfusion. We verified in the present study that the rate of cell death with 1 or 10 , iM idebenone was also low when applied under similar conditions. Therefore, we surmise that idebenone reacts with oxygen radicals, thereby preventing neuronal apoptosis and necrosis.
Active oxygen species trigger DNA single-strand breakage. Direct oxidative DNA damage can trigger apoptosis by inducing wild-type pS3 gene expression (29) (30) (31) . Both hypoxia and heat induce p53, as does starvation (32, 33) . Buckbinder et al. (34) verified that induction of insulin-like growth factor binding protein 3 (IGF-BP3) gene expression by wild-type p53 was associated with enhanced secretion of an active form of IGF-BP3. Nickerson et al. (35) suggested that IGF-BP3 enhanced apoptosis by reducing the bioavailability of ligands for IGF-1 receptors. They suggested that IGF-BPs regulate apoptosis, as IGFs have potent antiapoptotic activity (13, 36). In this study we found that hypoxia and oxygen reperfusion heavily damaged cortical neurons. Neuronal death was reduced by 50 ng/ml IGF-1 in cells exposed to hypoxia and oxygen reperfusion, and 10 ng/ml IGF-1 did not adequately preserve neurons, especially in SHRSP. Accumulated evidence indicates that 36 h of hypoxia and 3 h of reperfusion cause excessive oxidative stress, which generates large amounts of IGF-BPs. Consequently, most cells became apoptotic or necrotic. We speculate that 50 ng/ml IGF-1 minimizes the effects of IGF-BPs and reduces cell death, although 10 ng/ml IGF-1 cannot compensate for the lower bioavailability of IGF-1 receptors caused by IGFBPs. However, the rates of cell death with IGF-1 were significantly (p < 0.01) higher than those with idebenone. The data suggest that antioxidants have a more important role than IGF-1 in reducing cell death during oxygen reperfusion.
Kuwaki et al. examined the effects of nilvadipine, a calcium channel inhibitor, on protein degradation in gerbil brains after 5 min of bilateral carotid artery occlusion. They suggested that nilvadipine acts on the calcium channels of neurons and attenuates ischemic degradation of cytoskeletal protein (37). Kawamura et al. occluded the left middle cerebral artery of rats. Immediately after occlusion, rats were treated subcutaneously with vehicle or nilvadipine. Nllvadipine was found to decrease infarct volumes in a dose-dependent manner (38) . In this study we demonstrated that nilvadipine did not reduce neuronal cell death during hypoxia and oxygen reperfusion.
Our 
